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4 Herein, continuing the kinetic studies of the pyridinolyses of dimethyl [1: (MeO) chlorophosphates, the nucleophilic substitution reactions of dibutyl chlorophosphate (3) with X-pyridines are investigated kinetically in acetonitrile (MeCN) at 35.0 ± 0.1 o C (Scheme 1) to gain further information into the reactivity and mechanism depending on the variation of the two ligands, R 1 O and R 2 O. The numbering of the substrates of 1-6 follows the sequence of the summation of the Taft's steric constants of the two ligands, 5 R 1 and R 2 : 6[2,6-(CH 3 ) 2 -C 6 H 3 O] 2 > 5(PhO,YC 6 H 4 O) > 4(i-PrO) 2 > 3(BuO) 2 > 2(EtO) 2 > 1(MeO) 2 .
Results and Discussion
The reactions were carried out under pseudo-first-order conditions with a large excess of pyridine. The observed pseudo-first-order rate constants (k obsd ) for all the reactions obeyed Eq. (1) with negligible k 0 (≈0) in MeCN. The clean second-order rate constants were determined with at least five pyridine concentrations. The linear plots of Eq. (1) suggest a lack of any base-catalysis or side reaction, and the overall reaction is described by Scheme 1.
The second-order rate constants [
)] are summarized in Table 1 . The Brönsted β X value was calculated by correlating log k 2 (MeCN) with pK a (H 2 O), 6 which was justified theoretically and experimentally.
7 The substituent effects (X) of the nucleophiles upon the pyridinolysis rates are compatible with those for a typical nucleophilic substitution reaction and the stronger nucleophile leads to a faster rate with positive charge development at the nucleophilic N atom in the transition state (TS), resulting in negative ρ X (= -4.39: Fig. 1 ) and positive β X (= 0.80: Fig. 2) values.
The second-order rate constants (k 2 ) with unsubstituted pyridine (C 5 H 5 N) at 35.0 o C, natural bond order (NBO) charges at the reaction center P atom in the gas phase [B3LYP/ 6-311+G(d,p) 
Brönsted coefficients (β X ), cross-interaction constant (CIC; ρ XY ), 9 and variation trends of the free energy relationships with X for the pyridinolyses of six (R 1 O)(R 2 O)P(=O)Cl-type chlorophosphates in MeCN are summarized in Table 2 . When the magnitude of the positive charge of the reaction center P atom in the substrate plays an important role to determine the pyridinolysis rate, the sequence of the pyridinolysis rate should be 4 > 3 > 2 > 5 > 1 > 6. On the other hand, when the steric effects of the two ligands (R 1 O and R 2 O) play an important role, the sequence of the rate should be 1 > 2 > 3 > 4 > 5 > 6. The observed sequence of the pyridinolysis rates is 5 > 1 > 2 > 3 > 4 > 6, giving the relative rates of 650(5) : 160(1) : 130(2) : 75(3) : 24(4) : 1(6). The pyridinolysis rate of 6 is exceptionally slow whereas that of 5 is exceptionally fast [note k 2 (5 with Y = H)/k 2 (6) = 650]. It is evident that the magnitude of the positive charge at the reaction center P atom does not play any role to determine the pyridinolysis rate.
At a glance, thus, it seems that the pyridinolysis rates are † This paper is to commemorate Professor Kook Joe Shin's honourable retirement. Notes inversely proportional to the summation of the steric constants of the two ligands (ΣE S ), 1 > 2 > 3 > 4 > 6, when excluding 5. To examine into the steric effects of the two ligands on the pyridinolysis rates of the studied P=O and P=S systems involving chloride leaving group, the sensitivity coefficients of δ are obtained from the Taft's eq. (log k 2 = δΣE S + C) 5 for the pyridinolyses of (R 1 O)(R 2 O)P(=O)Cl-type chlorophosphates (I), (R 1 O)(R 2 O)P(=S)Cl-type chlorothiophosphates (II), R 1 R 2 P(=O)Cl-type phosphinic chlorides (III), and R 1 R 2 P (=S)Cl-type thiophosphinic chlorides (IV) in MeCN at 35.0 o C. In the case of I and II, it should be noted that the value of ] qualitatively follow the Taft's eq. with r = 0.686 (very bad linearity), excluding S(Ph,Ph).
1d In general, the substrates with phenyl or phenoxy ligand do not follow the Taft's eq. These results suggest that the steric effects of the two ligands sometimes play an important role, qualitatively or quantitatively, to determine the pyridinolysis rate of chlorophosphates, chlorothiophosphates, phosphinic chlorides, and thiophosphinic chlorides.
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A concerted mechanism with an early TS involving 1a The S N 2 reaction mechanism was proposed for the pyridinolyses of 1 and 2 with both frontside TSf and backside attacks TSb (Scheme 2), and the fraction of a frontside attack is more or less larger than that of a backside attack, on the basis of the magnitudes of β X (= 0.63 and 0.73 for 1 and 2, respectively) values.
1g A concerted S N 2 mechanism was proposed and biphasic concave upward free energy correlations was rationalized by a change of nucleophilic attacking direction from a frontside attack TSf (β X = 1.05) with the strongly basic pyridines to a backside attack (TSb; β X = 0.39) with the weakly basic pyridines for the pyridinolysis of 4.
1q It is worthy of note that a frontside attack TSf yields greater magnitudes of ρ X and β X values compared to a backside attack.
1c In the pyridinolysis of 6, the presence of the four ortho-methyl groups in the two phenyl rings, coupled with their electron supplying effect, leads the pyridinolysis to undergo by an ionization mechanism because of severe steric hindrance on the attack on phosphorus reaction center and the positive ρ X and negative β X values are substantiated by an imbalance of the transition state.
1t In the present work, thus, the S N 2 reaction mechanism is proposed with both frontside TSf and backside attacks TSb, and the fraction of a frontside attack is somewhat greater than that of a backside attack, on the basis of the magnitude of β X (= 0.80) value.
In summary, the nucleophilic substitution reactions of dibutyl chlorophosphate (3) with X-pyridines are investigated kinetically in MeCN at 35.0 o C. The S N 2 reaction mechanism is proposed with both frontside TSf and backside attacks TSb on the basis of the magnitude of β X value. The importance of the steric effects of the two ligands on the pyridinolysis rates of chlorophosphates, chlorothiophsphates, phosphinic chlorides, and thiophosphinic chlorides is discussed based on the Taft's eq. of log k 2 = σΣE S + C.
Experimental Section
Materials. Dibutyl chlorophosphate (commercially available), GR grade pyridines and HPLC grade acetonitrile (water content is less than 0.005%) were used for kinetic studies without further purification. Product Analysis. Dibutyl chlorophosphate was reacted with excess pyridine, for more than 15 half-lives at 35.0 o C in MeCN. Acetonitrile was removed under reduced pressure. The product was isolated by adding ether and insoluble fraction was collected. The product was purified to remove excess pyridine by washing several times with ether. Analytical and spectroscopic data of the product gave the following results (see supplementary materials):
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